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(57) ABSTRACT

A phase-lock control circuit suitable for an optical disk
apparatus of a sample-servo format scheme includes an
injection-synchronized control loop in addition to a
normal phase-lock loop control loop. The phase-lock
loop control loop includes a phase-comparator, a low-
pass filter, a voltage-controlled oscillator, 1.e., a VCOQO, a
frequency-dividing counter, and a decoder. The phase-
comparator detects a phase difference between a clock
pit pulse signal and a feedback pulse signal supplied
through the frequency-dividing counter and the de-
coder. The VCO is oscillated to compensate for the
phase difference and generates a reference clock signal.

A time-base filter and an injection pulse generator are

provided for the VCO to constitute the injection-syn-
chronized control loop, wherein at least one injection
pulse having a pulse width substantially equal to the
non-response period of the comparator is intermittently
generated in response to the reference clock signal upon
completion of a comparison operation by the compara-
tor, and the injection pulse is supplied to the VCO. The
VCO is of an injection-synchronized voltage-controlled

type.

12 Claims, 10 Drawing Sheets
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PHASE-SYNCHRONOUS CONTROLLER FOR
PRODUCTION OF REFERENCE CLOCK SIGNAL
IN OPTICAL DISK DRIVE SYSTEM

BACKGROUND OF THE INVENTION

I. Field of the Invention

The present invention relates to a technique for gen-
erating a high-precision reference clock signal suitably
apphed to a data storage system using a rotatable disk-
like storage medium and, more particularly, to a phase
control circuit for a digital apparatus capable of high-
density, high-speed data access. More specifically, the
present invention relates to an optical disk drive system
capable of high-speed data access, which 1s suitably
used as an external memory unit of a highly-advanced
computer. |

2. Description of the Related Art

Of various types of data storage disk units, sample-
servo scheme optical disk drive system attract a great
deal of attention from engineers. This 1s because such
optical disk apparatuses are firmly believed by the engi-
neers to be much superior to the remaining types 1n a
data storage capacity, operation reliability, and applica-
tion range. |

When such a sample-servo scheme optical disk appa-
ratus is to be used as an external memory unit of a cur-
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rent, highly-advanced computer, an improvement in °

data processing performance of the computer demands
a higher data accessing speed of the optical disk drive
system while the manufacturing cost i1s minimized and
excellent operation reliability is maintained.

Various technical subjects or obstacles lie in the pro-
cess of increasing the data accessing speed of an optical
disk drive system. A technique of extracting a high-
precision reference clock signal 1s one of them. In gen-
eral, a reference clock signal for data recording and
reproduction is generated in the following manner.
Clock pits included in servo byte areas of a rotating
optical disk are read by scanning of a light beam spot. A
reproduced clock pit pulse signal is supplied to a phase-
lock loop control circuit to obtain an oscillation output
from a voltage-controlled oscillator. A reference signal
generation circuit arrangement for a sample-servo
scheme optical disk apparatus is disclosed 1n, e.g.,
ISOM ’'87 Technical Digest “CILLOCK JITTER IN
SAMPLED SERVO FORMAT” Takashi Takeuchi et
al., 1987, pp. 137-140.

If the rotational speed of an optical disk itself is in-
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creased in order to increase the data accessing speed of 50

an optical disk drive system, high-frequency jitter com-
ponents are generated in the resultant reproduced refer-
ence clock signal due to an increase in mechanical reso-
nant vibration produced in an optical disk driving
mechanism portion. Residual high-frequency jitter
components degrade the precision of a reference clock
signal and greatly degrade the data accessing perfor-
mance.

In order to increase the precision of a reference clock
signal in a high-speed optical disk drive system, the
sampling frequency of a phase-lock loop control circuit
may be increased to jack up the reproduction clock rate
of an optical disk. If a high sampling frequency is set,
the operation range of the phase-lock loop control cir-
cuit which is free from high-frequency jitter can be
expanded. With an increase in reproduction clock rate,
therefore, reproduction of a high-precision reference
clock signal can be expected. With such an arrange-

55
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ment, however, the area occupied by servo byte areas
including clock pits is increased on the optical disk
which is sample-servo formatted in a limited surface
area. With this increase in area, effective data storage
areas are relatively reduced. In other words, the format
efficiency of the optical disk is decreased. This impairs
one of the merits of an optical disk, 1.e., a large record-
Ing capacity.

In order to increase the precision of a reference clock
signal in a high-speed optical disk drive system, the
mechanical rigidness and process precision of an optical
disk driving mechanism portion may be improved to
suppress or eliminate the occurrence of mechanical
resonance associated with high-speed rotation of an
optical disk, which is a direct cause of high-frequency
jitter components. Such an improvement in a mechani-
cal system, however, is not welcomed by the manufac-
turers of optical disk drive system for the following
reasons. The above-described mechanical means for
solving the problem complicates the mechanical design
and the manufacturing process and increases the manu-
facturing cost.

SUMMARY OF THE INVENTION

It is, therefore, an object of the present invention to
provide a new and improved signal phase processing
technique for generating a high-precision reference
clock signal.

It is another object of the present invention to pro-
vide a new and improved phase-lock loop circuit suit-
able for a highly advanced optical disk drive system and
capable of generating a high-accuracy reference clock
signal without complicating the circuit arrangement.

It is still another object of the present invention to
provide a new and improved sample-servo scheme opti-
cal disk drive system capable of high-speed data access
in response to a high-accuracy clock signal free from
high-frequency jtter components. |

In accordance with the above objects, the present
invention is addressed to a specific phase-lock control.
device which generates a reference clock signal having
a predetermined frequency by using clock information
reproduced from a data storage medium. A signal ex-
tracting section receives an electrical reproduction out-
put signal from the data storage medium and generates
an electrical pulse signal (Pin) reflecting the clock infor-
mation. An electrical oscillator is variably oscillated to
generate an electrical oscillation pulse signal serving as
the reference clock signal. A comparator 1s connected
to the signal extracting section and the oscillator so as to
detect a phase difference between the pulse signal and
the oscillation pulse signal and to generate an electrical
comparison result signal in response to which the oscil-
lator is variably oscillated. An injection-synchronized
section receives the pulse signal and is responsive to the
oscillation pulse signal. The injection-lock section inter-
mittently injects at least one injection pulse component
having a selected pulse width into the oscillator after
phase comparison is performed by the comparator. The
oscillator includes an injection-synchronized voltage-
controlled oscillator which is responsive to the injec-
tion pulse component and adjusts the phase of the oscil-
lation pulse signal by advancing/delaying it.

The invention and its objects and advantages will
become more apparent from a detailed description of
the preferred embodiments presented below.
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BRIEF DESCRIPTION OF THE DRAWINGS

In the detailed description of preferred embodiments
of the present invention presented below, reference 1s
made to the accompanying drawings in which:

FIG. 1 is a schematic diagram showing an overall
arrangement of a reference clock signal generation cir-
cuit for an optical disk apparatus according to an em-
bodiment of the present; |

FIG. 2 is a diagram showing a detailed internal ar-
rangement of a main part of the reference clock signal
generation circuit;

FIG. 3 is a iming chart showing main electrical sig-
nals generated at the respective main components of the
circuit portion in FIG. 2 on the same time scale;

FIGS. 4A to 4C are timing charts respectively show-
ing relationships between the phases of main signals in
different cases of injection control operations;

FIG. 5 is an equivalent circuit diagram of an i1njec-
tion-synchronized voltage-controlled oscillator;

FIG. 6 is an equivalent block diagram of the circuit in
FIG. §;

FIG. 7 is a block diagram obtained by transforming
the block diagram in FIG. §;

FIG. 8 is an equivalent block diagram of a circuit
obtained by combining a phase-lock loop and an injec-
tion-synchronized loop on the basis of the principle of
the present invention;

FIG. 9 is an equivalent block diagram of the circuit in
FIG. §;

FIG. 10 is an equivalent block diagram of the circuit
in FIG. 9;

FI1G. 11 is a graph showing an experimental result
indicating jitter suppression characteristics obtained 1n
the above embodiment;

FI1G. 12 is a graph showing a measurement result of
residual jitter spectra obtained in the above embodi-
ment;

FIG. 13 is a schematic diagram showing an overall
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arrangement of a reference clock signal generation cir- 40

cuit for an optical disk apparatus according to another
embodiment of the present invention;

FIG. 14 is a timing chart showing the waveforms of
main electrical signals generated at the respective main
components of the circuit portion in FIG. 13 on the
same time scale;

FIG. 15 is a schematic diagram showing an overall
arrangement of a reference clock signal generation cir-
cuit for an optical disk apparatus according to still an-
other embodiment of the present invention; and

FIG. 16 is a schematic diagram showing a modifica-

tion of the reference clock signal generation circuit in
FIG. 1§.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIG. 1, a reference clock signal genera-
tion circuit for an optical disk apparatus according to a
preferred embodiment of the present invention is gener-
ally designated by reference numeral 20. Typically, this
optical disk is sample-servo formatted, which has con-
trol information areas called “servo bytes” spirally ar-
ranged at predetermined intervals on one disk surface.
Each servo byte area has two control pits arranged on
both sides of a corresponding spiral track center line,
and a clock pit in a known manner. The remaining
divided areas of the spiral track are assigned to data
storage. These areas are called *‘data areas”. A sample-

45
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servo format scheme of an optical disk itself is well
known to a person skilled in the art, and is disclosed in,
e.g., ISOM ’87 Technical Digest “CLOCK JITTER IN
SAMPLED SERVO FORMAT"” Takashi Takeuchi et
al., 1987, pp. 137-140.

A peak detector 21 is arranged, to which a reproduc-
tion output signal Sr from a presently available sample-
servo scheme optical disk (not shown) is supplied. The
reproduction output signal Sr has peak waveform com-
ponents in correspondence with control pits and a clock
pit in each servo byte area of a track, of the optical disk,
onto which a reproduction laser beam is being focused.
These peak waveform components are generally called
“pit signals”. The peak detector 21 performs binary
processing of the signal Sr to generate positive pulse
signal components Ps which are generated in synchro-
nism with the above-mentioned pit signals. The puise
signal components are required for accurate timing
control.

The binary output signal from the peak detector 21,
which includes binary pulses, is supplied to a clock pit
detector 22 and a gate 23. The clock pit detector 22
generates extraction pulses Pg and error correction
pulses Pdc on the basis of a string of input binary puises.
The extraction pulses Pg are used to extract normal
clock pulses. The extraction pulses Pg are supplied to
the gate 23 connected between the peak detector 21 and
a phase-comparator 24. The error correction pulses Pdc
are supplied to the phase-comparator 24 and are used to
remove detection error noise components generated
therein.

The gate 23 extracts the rise timing of a normal clock
pit pulse. An output signal from the gate 23, which
represents the extracted pulse rise timing, is supphed to
one input of the phase-comparator 24. The phase-com-
parator 24 constitutes a feed-back closed loop circuit
together with a switch 25, a low-pass filter 26, a volt-
age-controlled oscillator 27, a frequency-diving counter
28, and a decoder 29, as shown in FIG. 1. This closed
loop circuit is a phase-lock loop abbreviated as a
“PLL”. The decoder 29 generates a feed-back clock
signal Pfb, which 1s supplied to the other input of the
phase-comparator 24. The phase-comparator 24 com-
pares the phases of input signals received by the first
and second inputs so as to detect a phase difference
therebetween.

An output signal of the phase-comparator 24 is sent to
the low-pass filter 26 through the switch 2§ and 1s sub-
jected to filter processing. A negative output signal of
the low-pass filter 26 1s supplied as a control voltage
signal V to the voltage-controlled oscillator (to be sim-
ply referred to as a “VCOQO” hereinafter) 27. The VCO
27 generates a reference clock signal Pck in response to
the control signal Vc. The reference clock signal Pck
appears at the output terminal of the unit 20 and is si-
multaneously supplied to the frequency-dividing
counter 28. The frequency-dividing counter 28 1/N-
divides (N=270) the frequency of the reference clock
signal Pck to generate a 1/N-divided clock signal,
which is supplied to the decoder 29. The decoder 29
generates the feed-back clock signal Pfb n response to
a state transition of the frequency-dividing counter 28.
The feed-back clock signal Pfb is, therefore, a pulse
signal having a frequency 1/N that of the reference
clock signal Pck.

With such a PLL configuration, the reference clock
signal Pck generated by the VCO 27 is accurately
phase-locked with clock pit pulses from the optical disk.
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In addition, the frequency of the signal Pck can be set to
be N times the repeating frequency of clock pit pulses,
1.e, a sampling frequency. Therefore, the reference
clock signal Pck serves as a recording/reproduction
reference clock signal of a rotating optical disk, or as a 5
reference clock signal for detection of a control signal.

Note that in this embodiment, in addition to the
above-described PLL, the unit 20 comprises an injec-
tion-locked loop including a time-base filter 30 for per-
forming time-domain filtering and an injection pulse 10
generator 31. More specifically, the VCO 27 is consti-
tuted by an injection-locked VCO, which constitutes a
feed forward injection-synchronized loop together with
the time-base filter (to be referred to as a time-domain
filter hereinafter) 30 and the injection pulse generator 15
31.

The first input of the time-domain filter 30 is supplied
with a clock pit pulse signal Pin extracted by the gate
-23. The output signal of the decoder 29, i.e., the feed-
back clock signal Pfb, i1s sent to the phase-comparator 20
24 and 1s simultaneously supplied to the second input of
the filter 30. The filter 30 generates a window pulse
signal by referring to a timing between the clock signal
Pck and the feed-back clock signal Pfb. The window
signal will be described in more detail later. By using 25
the window pulse signal, the filter 30 performs time-
domain filtering effective for injection synchronization,
1.e., extraction of only clock pit pulses phase-locked
with the feed-back clock signal Pfb.

The injection pulse generator 31 generates an injec- 30
tion pulse signal P1 on the basis of the clock pit pulse
signal subjected to time-domain filtering. When the
injection pulse P1 is injected into the injection-synchro-
nized VCO 27, the phase of the reference clock signal
Pck is properly controlled. In this case, unlike a normal 35
VCO arrangement, the VCO oscillation output 1s phase-
controlled not only by the control voltage signal V¢ but
also by the injection pulse signal Pi.

F1G. 2 shows detailed internal arrangements of the
components 27, 30, and 31 constituting the additional 40
injection-synchronized loop. Referring to FIG. 2, a
circuit portion corresponding to the time-domain filter
30 and the injection pulse generator 31 is indicated by a
dotted block denoted by reference numerals 30 and 31.
The time-domain filter 30 and the injection pulse gener- 45
ator 31 include a tapped delay circuit 41, a 3-input AND
gate 42, a D-type flip-flop 43, and a delay circuit 44. The
injection-locked VCO 27 includes a 2-input NAND
gate 45 and an inverter 46. Resistors R0 and R1, capaci-
tors CO and C1 a varactor diode Dv, and an inductor 50
(coil) L, which are connected as shown in FI1G. 2, are
provided for the above-mentioned components. The
resistor R0, the capacitor C0, the varactor diode Dv,
and the inductor L constitute a load resonator to be
connected to the NAND gate 45. 55

The clock pit pulse signal Pin is supplied to a clock
input CK of the D-type flip-flop 43. When data input to
an input D of the D-type flip-flop 43 1s at “H” level, the
flip-flop 43 sets its inverted output Q at “L” level in
synchronism with the rise timing of the clock pit pulse 60
signal Pin. When the “L”-level inverted output Q is
input to a clear terminal CL of the D-type flip-flop 43
through the delay circuit 44, the inverted output Q is
restored to “H” level. As a result, the flip-flop 43 inter-
mittently generates negative pulse components Pi each 65
- having a pulse width equal to a delay amount 7w of the
delay circuit 4. In other words, each intermittent pulse
component Pi has a pulse width substantially equal to

6

the non-response period of oscillation of the injection-

synchronized VCO 27.
The intermittent pulse signal Pi is supplied as an.in-

jection pulse signal to the first input of the 2-input

NAND gate 45. The delay amount 7w of the delay
circuit 44 is typically set to be 3 the period of the refer-
ence clock signal Pck. An output signal from the
NAND gate 45 is fed back to its second input through

- the above-mentioned load resonator associated with the

gate 45.
In this case, the circuit portion constituted by the

NAND gate 45, the resistor RO, the capacitor C0, the
inductor L, and the varactor diode Dv oscillates while
the injection pulse signal is at “H” level. This circuit
portion constitutes a gated oscillator known to a person
skilled in the art, wherein its oscillation phase is con-
trolled by changing the injection timing of the injection
pulse signal Pi. This is directly associated with the gist
of the present invention and hence is important. This
will be described in detail later.

The negative control voltage Vc generated by the
low-pass filter 26 in FIG. 1 is supplied to the anode of
the varactor diode Dv through a high-frequency noise
removing low-pass filter circuit constituted by the in-

jection-synchronized VCO 27, the resistor R1, and the

capacitor Cl. Therefore, the injection-synchronized
VCO operates as an injection-synchronized voltage-
controlled oscillator.

An oscillation output of the NAND gate 45 is pro-
cessed as an output from the injection-synchronized
VCO 27 through the inverter 46. This oscillation output
is supplied to the tapped delay circuit 41. The total
delay amount of the tapped delay circuit 41 1s set to be
equal to the delay amount 7w. The delay amount 7w
between the respective taps is set to be, e.g., TW/3. A
first tap output P1 and a fifth tap output PS5 are suppled
to the second input of the AND gate 42. Another input
of the AND gate 42 is being supplied with the feed-back
clock signal Pfb output from the decoder 29 of the PLL
in FIG. 1. The AND gate 42 generates the window
pulse signal Piw for extracting the rise timing of the
clock pit pulse signal Pin. The window pulse signal Piw
is supplied to the data input of the D-type flip-flop 43. If
the phase of the feed-back clock signal Pfb coincides

‘with that of the window pulse

Vos) (5)

Vi(s)

K _ W ‘ wn?
K—1 (24 o) (+ 2ons + on?)

C(s)

The third term of wn represents the transient response
of oscillation. If wn is the natural frequency and { i1s a
damping coefficient, wn and { are respectively repre-
sented as follows:

y R S (6)
O = Tmlm + n + 1) wc?
{— fm st Dm ] | (7)
o 2am + n

If wc=ywn, {=1, and K/(K+1)=1, a step response
of the oscillation output Vo is obtained by multiplying
equation (8) by 1/s and performing reverse Laplace
transformation thereof as follows:
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(8)
Vo(t) = 1 - — sin(wet + &) — |
v< 4+ 1
{wyzmnr - S ) - )exp(-—-mm)
(n? + 1) (n? + Don®
0 = tan—!{(y — 1)/2}

It 1s apparent from this equation that phase control by
means of injection operation can be properly performed
in constderation of the phase of a sine wave of the sec-
ond term. Assume that an injection input Vi(t) 1s repre-
sented as a unit step function on the basis of the above-
described injection conditions. In this case, if ¥ 1s the
correction term of an injection phase and e is the phase
difference during injection, the injection input is given
by the following equations in a case of an advanced
phase:

Vi(y=u{(W+8e)/wec—t} + u{r+ W —7)/wc} (9)
time-domain filtering, an erroneous operation of the
injection-synchronized PLL which is caused by a de-
fective clock pulse can be reliably prevented. If the rise
timings of the oscillation feed-back input signal Pcf (i.e.,
the reference clock signal Pck) and of the injection
pulse signal Pi coincide with each other, oscillation
phases are not influenced at all.

The principle of phase control by means of the injec-
tion-synchronized loop will be described below with
reference to the timing charts shown in FIGS. 4A to
4C. F1G. 4A shows a case wherein the phase of the
clock pit pulse Pin is advanced from that of the feed-
back clock Pfb. In this case, the reference clock Pck
falls at the fall timing of the injection pulse Pi. Owing to
a delay of the above-mentioned load resonator, the
oscillation feed-back input Pcf is not changed at this
timing but its phase is advanced by 6i at the next fall
timing. FIG. 4B shows a case wherein the feed-back
clock Pfb and the clock pit pulse Pin have the same
phase. In this case, as described above, the phase of the
reference clock Pck is not influenced. FIG. 4C shows a
case wherein the phase of the clock pit pulse Pin is
delayed from that of the feed-back clock Pfb. In this
case, contrary to the case shown in FIG. 4A, the refer-
ence clock Pck is influenced immediately at the rise
timing of the injection pulse Pi so as to be delayed by 6i.

As described above, the conditions, of the injection
pulse Pi, for controlling the phase of the reference clock
Pck by means of the injection-synchronized loop are to
be set such that the average fall timing of the injection
pulse Pi coincides with the fall timing of oscillation
feed-back input Pcf, and its pulse width i1s equal to or
slightly smaller than a pulse width, during an L-level
interval, of the period of the oscillation feed-back input
Pcf.

The reasons why phase control of the reference clock
Pck can be stably performed on the basis of the above-
described principle of injection synchronization will be
analytically descrnibed below.

Each parameter will be defined first with reference to
FI1G. 5§ showing an equivalent circuit of the injection-
synchronized VCO 27 in FIG. 2. Assume that the input
impedance of each input of a NAND gate 70 is infinite;
the output impedance, zero; the gain, K; and the delay
amount between an input and an output, vd. The con-

- stants of the load resonator are set such that the value of

a resistor 71 is Ro as a value including the output resis-
tance of the NAND gate; the value of a capacitor 72,
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Co: the value of an inductor 73, L; the value of a capaci-
tor 74, C as a value obtained by adding the input capaci-
tance of the NAND gate 70 to the capacitance of the
varactor diode. In addition, assume that the input injec-
tion pulse Pi and the oscillation feed-back input Pcf are
respectively represented by Vi(t) and Vo(t). In this
case, in order to clarify the relationships between the
respective constants, assume that while time constant
rc2=LC is set as a reference, delay amount 7d=arc,
time constant Ro-Co=am-7c, and time constant Ro-C-
= Qn-7C.

FIG. 6 is an equivalent block diagram of the circuit in
FIG. §. The NAND gate 70 can be equivalently re-
garded as an adder having a negative gain and hence is
approximated by an addition point 80, a transfer ele-
ment 81 (gain K), and a transfer element 82 (Ist-order
delay element of the delay amount arc) so as to be

represented by Gl(s)=arc+1. A transfer element 83

representing a load resonator is given by the following
equation (1):

G2(5)=amrc s’ +rcis +a(m+n)res+ | (1)

If an input and an output to and from the transfer

element 81 are respectively represented by ei(s) and

eo(s), and an input to the addition point 80 is repre-

sented by Vi(s)=0 in order to obtain oscillation fre-

quency and gain conditions, the following equation (2)
IS given:

(2)

K eo(s)/ei(s) = Gl(s)G2(s)
a2mrc?St + a(m + 1) - 735 + a¥(m + m)yr? +

a(m 4+ n 4+ Dres + 1

|

If oscillation frequency conditions (s=)w; imaginary
part=0) are applied to eguation (2), an oscillation fre-
quency wc 1s given by:

(m +n 4 1) (3)_

(m + Dres

Ro(Zo + C) + 7d
LO(RoCo + 7d)

wel

|

If a CMOS-IC is used for the NAND gate 70, 1t nor-
mally has a gain of 60 dB or more. However, when such
oscillation, i.e., a limit cycle occurs, a true loop gain
must be obtained from the oscillation frequency condi-
tions. This can be obtained by substituting equation (3)
into equation (2) and is given by

K=u2n§mini1!_1 (4)

(m + 1)

That oscillation occurs from the above-described
oscillation frequency and gain conditions 1s equivalent
to that a conjugate complex root is newly generated.
The block diagram of FIG. 6 can be represented by a
transfer element 90 shown 1n FIG. 7. This element 1s
represented as a closed loop function as follows:

()

. Kols)
Cs) = i)
— K ___..‘_”_C'.z..._ ..............__E’iz......_
K- (2 + oc?) (s + 2lwns + wn?)
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The third term of wn represents the transient response
of oscillation. If wn 1s the natural frequency and { 1s a
damping coefficient, wn and [ are respectively repre-
sented as follows:

? @2 (6)
m"“m(m+n+l) wes
;_w (7)
- 2am 4+ n

If oc=%yon, {=1, and K/(K+ 1)=1, a step response
of the oscillation output Vo 1s obtained by multiplying
equation (5) by 1/s and performing reverse Laplace
transformation thereof as follows:

I . | (8)
Vot) = 1 — - sin(lwct + ) —
ve + 1
| 4 ;
(_‘}' N (uth- 3 B }exp(—mnr)
| (n? + 1) (n* + Don®
¢ = tan—{(y — 1)/2}

It is apparent from this equation that phase control by
means of injection operation can be properly performed
in consideration of the phase of a sine wave of the sec-
ond term. Assume that an injection input Vi(t) is repre-
sented as a unit step function on the basts of the above-
described injection conditions. In this case, if Y is the
correction term of an injection phase and e is the phase
difference during injection, the injection input is given
by the following equations in a case of an advanced
phase:

Vi(y=u{(G+0e)/wc—1} +u{i+(b—7) wc}
In a case of a delayed phase,

(%)

Vit = u(W/wc— 1)+ u{1+ (W —8e)/wc (10)
Assume that this injection input 1s subjected to Laplace
transformation and is applied to equation (5), and a
stationary solution is obtained upon reverse Laplace
transformation for wc=wn. As is apparent from equa-
tion (10), in a case of an advanced phase, the injection

input is given by

Vo()=sin{wct + &+ U+ 08¢) —sin(wet+ b+ di— ) (11)
If equation (10) is rewritten for —d =y and fe/2 < 7/2,
then

Vo(t) = 2cos(8e/2)-sin(wct +0e/2)
In a case of a delayed phase,

(12)

Vo(t)=2cos(8e/2)-sin{wct—6e/2) (13)

If only phases are considered, it is apparent that phase
shift control is performed by an injection operation in a
direction to reduce a phase difference, and the control
amount is reduced to 2. However, if oc< <wn or
wc> > on, the control amount i1s greatly changed due
to the influences of the nonlinear characteristics of the
NAND gate 70 and the transient term.

With regard to the recording/reproduction reference
‘clock Pck, phases after the clock pit pulse Pin are im-
portant. The natural angular frequency wn of the tran-
sient term must be set to be equal to wc, and the damp-
ing coefficient { must be set to be close to unity.

Effects obtained when the injection-synchronized
loop and the PLL are used together will be described
below on the basis of analysis results of the abovede-
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scribed injection-synchronized oscillator. FIG. 8 is an
equivalent block diagram of a circuit to be reahzed
when the injection-synchronized loop and the PLL ar
used together. For the sake of illustrative convenience,
a term of wasted time caused by sampling will be omit-
ted. An input 8i is the phase of the clock pulse Pin; and
an output fe from addition point 101, an observed phase
difference, from which residual jitter is calculated. Al-
though addition points 100 and 101 are located at the
same point, they are assumed to be separated from each
other for descriptive convenience.

As described above, injection synchronization 1s to

“control the output phase of the injection-synchronized

oscillator to be 1 the phase difference by an injection
operation in a stepwise manner. This operation i1s equiv-
alent to negative feed-back of the phase difference fe to
the addition point 101 through a transfer element 102, as
shown in FIG. 8. The circuit for this operation 1s called
the injection-synchronized loop. The transfer element
102 is represented by a transfer function wt/s. If a con-
trol amount is represented by an injection efficiency
n(=1%); and the sampling frequency, by fs, an injection
gain i is calculated from the response characteristics of
the loop as follows:
wi= —fsin(1 —m) (14)

The PLL is represented by a loop for negatively
feeding back the phase difference e to the addition
point 100 through a transfer element 103 representing a
phase-comparator and a loop filter, and a transfer ele-
ment 104 representing a VCO. A transfer function F(s)
of the transfer element 103 is given by the following
equation, provided that a conversion gain at which the

phase difference is converted into a voltage is repre-
sented by Kp, and the phase correction zero point of the

loop 1s represented by w;:

 Kpls + o) (15)

H3S) =

w1

A transfer function H(s) of the transfer element 104 is
given by the following equation, provided that a con-
version gain at which the voltage is converted nto a
frequency is represented by Kv, and the frequency 1s
converted into a phase:

H(s)=Kv/s (16)

FIG. 9 IS a block diagram showing a circuit obtained
by converting the above-mentioned injection-synchro-
nized loop. A transfer function I(s) of a transfer element
110 representing the injection-synchronized loop 1s

represented by:

I(s)=5/(s+ wi) (17)
In this case, the injection-synchronized loop 1s repre-
sented by a 1st-order high-pass filter having the injec-
tion gain angular frequency wi as a pole. If the injection
efficiency =14, the injection gain angular frequency wi
is given by wi=0.69 X fs according to equation (14). In

addition, the natural frequency of the PLL 1s 0.31 X{s

according to the above-described conditions. This indi-
cates that the injection-synchronized loop serves as a
differential operator for performing only phase control
within the control band of the PLL, and the phase-com-
parator serves to detect a frequency.
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In order to equivalently detect a frequency by using
the phase-comparator, the interval between the injec-
tion uming and the phase comparison timing must be
increased. As an injection condition for this purpose, an
injection operation must be performed upon completion
of phase comparison, as described above. When the
load of the phase-comparator in a low-frequency region
1s reduced, the dynamic range is increased. Therefore,
even if the phase comparison characteristics include
nonlinearity, the influence of the nonlinearity can be
greatly reduced.

If the conversion shown in FIG. 9 1s advanced to
evaluate the jitter suppression characteristics, the corre-
sponding circuit can be represented by a transfer ele-
ment 100 shown in FIG. 10. If a loop gain K=Kp-Kv,
the transfer function is given by equation (18) as fol-
lows:

fe(s) LY (18)

0i(s) T 2 4 (wi + K/wis + K

A damping coefficient is obtained from this equation as
follows:

{=(wi/on+wn/wi)/2

for wn®>=k (19)
Therefore, 1t 1s apparent that damping degradation due
to the waste of time, which poses a problem in a sam-
pling system, can be greatly improved.

F1G. 11 shows jitter suppression characteristics ob-
tained from equation (18) by using the above-mentioned
angular frequency conditions, provided that the damp-
ing coefficient of the PLL alone is represented by
{=0.707. Referring to FIG. 11, a curve 31a represents
the characteristic of the PLL alone, and curves 316 and
31c respectively represent suppression characteristics
obtained when the PLL and the injection-synchronized
loop are used together with the injection efficiency
n=4 and=0.875. The curve 31c will be described in
detail in the next embodiment.

FIG. 12 shows a sample of measurement of residual
jitter spectra obtained by an experiment conducted by
the present inventors. Referring to FIG. 12, a curve 324
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represents the residual jitter spectrum characteristic of 49

the PLL alone; and a curve 325, a residual jitter spec-
trum characteristic obtained when the PLL and the
injection-synchronized loop are used together with the
injection efficiency n=4. It 1s apparent from FIGS. 11
and 12 that high-frequency jitter near the natural angu-
lar frequency wn 1s greatly improved.

Although the noise bandwidth of the loop is in-
creased to 1.8 times that of the PLL alone, no increase
In noise jitter 1s recognized, as shown in FIG. 12. In
addition, the jitter amount is negligibly small. The
amount of high-frequency jitter caused by vibrations
and the Iike of a mechanical portion of the optical disk
apparatus rather poses a problem. It i1s an object of the
present invention to suppress this high-frequency jitter.
The response characteristics are mostly determined by
the response characteristics of the injection-synchro-
nized loop and are greatly improved.

According to the above-described embodiment, in
addition to the normal PLL for obtaining the reference
clock signal Pck on the basis of the clock pit pulse signal
Pin reproduced from a rotating optical disk, the injec-
tion-synchronized loop is employed, in which after
phase comparison or phase detection by means of the

50
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PLL is completed, the injection pulse Signal Pi11s gener-

ated on the basis of a clock pit pulse signal processed by

time-domain filtering, and the phase of the reference
clock signal Pck is controlled by supplying the signal Pi
to the injection-synchronized VCO 27. With such an
arrangement, occurrence of high-frequency jitter of the
reference clock signal Pck can be successfully pre-
vented or inhibited without sacrificing the data storage
capacity of an optical disk and without degrading the
noise resistant characteristics of the optical disk appara-
tus. Therefore, in addition to an improvement in opera-
tion stability and performance achieved by the PLL, a
high-precision reference clock signal especially re-
quired to increase the data transfer speed and retrieval
speed of the optical disk apparatus can be generated.

A reference clock generation circuit unit for an opti-
cal disk apparatus according to another embodiment of
the present invention is generally designated by refer-
ence numeral 20’ in FIG. 13. The same reference nu-
merals in the illustration of this embodiment denote the
same parts as in the embodiment described above with
reference to FIG. 1, and a detailed description thereof
will be omitted to simply prevent redundancy of the
description. |

The reference clock generation circuit unit 20 is
characterized in that the jitter suppression function is
further improved. This embodiment is based on the
assumption that a plurality of clock pulses are detected
per sampling operation, 1.e., within a certain servo byte.
For this reason, two gates 32a and 23b are arranged.

A clock pit detector 22 generates two types of gate
pulse signals Pgl and Pg2. The first gate pulse Pgl is
used to extract the start clock pit pulse of a string of
clocks. This gate pulse signal Pg1 is supplied to a gate
23a. The second gate pulse signal Pg2 1s supplied to the
other gate 23b to extract all the clock pulses.

The start clock pit pulse extracted by the first gate
23a is supplied to a PLL constituted by a phase-com-
parator 24, a switch 25, a low-pass filter 26, an injection-
synchronized VCO 27, a frequency-dividing counter -
28, and a decoder 29. Clock pulses Pin extracted by the
gate 23b are subjected to time-domain filtering 1n a
time-domain filter 30 in the same manner as described 1n
the above embodiment. Thereafter, the clock pit pulses
Pin are supplied to an injection pulse generator 31.

The injection pulse generator 31 generates a single or
a plurality of injection pulse signals Pi. When these
injection pulse signals Pi are injected into the injection-
synchronized VCO 27, an injection-synchronized loop
is realized. It should be noted in this embodiment that
the decoder 29 1n the injection-synchronized loop gen-
erates a gate pulse signal Pm used for time-domain fil-
tering, which 1s then supplied to the time-domain filter
30.

An injection operation will be described in detail

~ below with reference to a timing chart shown in FIG.

63

14. In this case, three injection pulses Pi will be consid-
ered. |

Assume that the reference clock pck and the gate
pulse Pm have the same rise timing. Assume also, as
described with reference to the first embodiment, that
the average rise timing of the clock pit pulse Pin is
adjusted by the PLL to be delayed from the rise timing
of the gate pulse Pm by a time 7w. Furthermore, in
order to continuously perform injection operations, the
natural-angular frequency wn of the injection-synchro-
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nized VCO 27 is set to be equal to wc, and the damping
coefficient £ is set to be 0.8. |

If the reference clock Pck is advanced from the injec-
tion pulse Pi by Afe at a timing t1, injection control of

the reference clock Pck is performed in a direction to be

delayed at the rise timing of the injection pulse Pi. As
described above, the phase difference fe between the
injection pulse Pi and the reference clock Pck at the
timing t1 is given by 8e=Afe/2. Since the phase differ-
ence 8e=Afe/2 at a timing t2, injection control of the
reference clock Pck is further performed in a direction
to be delayed at the rise timing of the injection pulse Pi.
The phase difference at the timing t2 is further im-
proved, and fe=Afe/4. At a timing t3, injection con-
trol 1s performed in the same direction. The phase dif-
ference at the timing t3 is eventually set to be fe=A-
fe/8, thus obtaining the injection efficiency n=0.875.
If an mnjection efficiency equivalent to that obtained
in this embodiment 1s to be obtained by injection of one
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injection pulse, a problem may be posed in terms of 20

noise resistant characteristics. If, however, injection
control 1s performed by using a plurality of injection
pulses in this manner, a large injection efficiency can be
obtained without degrading the noise resistant charac-
teristics. A jitter suppression characteristic with the
mjection efficiency 1=0.875 is represented by a curve
31c in F1G. 11. In this case, the suppression amount of
the PLL at the natural angular frequency n is as large as
18 dB. That 1s, high-frequency jitter is more effectively
suppressed. o

In this case, the clock pit pulse Pin has a predeter-
mined period. However, since an injection efficiency 1s
determined by the number of injection pulses per sam-
pling operation, and any reproduction pulse which sat-
1sfies the injection conditions can be used, the clock pit
pulse Pin need not have a predetermined period. In
addition, the number of pulses may vary. This means
that the injection efficiency can be improved by using
control signals and the like other than servo bytes. In
other words, a PLL requires a predetermined sampling
period, and suppression of high-frequency jitter re-
quires a high sampling frequency, i.e., sacrifice of the
storage capacity of an optical disk. In contrast to this, if
an injection-synchronized loop is used together with a
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PLL as in the present invention, high-frequency jitter 45

can be suppressed without sacrificing the storage capac-
ity. In addition, as in this embodiment, timing data of
pits other than clock pits can be used for phase control
by means of the injection-synchronized loop, and the
high-frequency jitter suppression characteristics can be
further improved.

The principle of PLL control by means of the
PLL/injection-synchronized loop of the present inven-
tion described above can be successfully applied to an
optical disk apparatus of a sector format type. This
optical disk is formatted to define tracks spirally or
concentrically arranged on one surface and radially
divided sectors. Each sector area has a control informa-
tion area called a “preformat area” arranged at its head
portion, and a free area for data storage with a gap
sandwiched therebetween. Typically, each preformat
area includes a sector mark signal SM, sector address
data ID, and a PLL control signal (preamble pulse
signal) VF for properly synchronizing a recording/
reproduction reference clock signal with the generation
timing of record data. Such a sample-servo format
scheme of an optical disk itself is well known to a per-
son skilled 1n the art.
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As shown in FIG. 15, a reference clock generation
circuit unit for a sector format type optical disk appara-
tus is generally designated by reference numeral 200. A
binary processing circuit 201 is arranged to recetve an
electrical reproduction signal Sr read by scanning a
rotating optical disk with a laser beam. The binary pro-
cessing circuit 201 generates a binary pulse signal Pin.
The binary pulse signal Pin well reflects the storage
information in the preformat area of each sector area.
This pulse signal Pin 1s supplied to a phase-comparator
202.

The phase-comparator 202 constitutes a PLL to-
gether with a low-pass filter 203 and a VCO 204. This
PLL includes a feed-back pulse generator 205. The
feed-back pulse generator 205 generates a feed-back
pulse signal Pfb and an interpolation pulse signal Pc by
frequency-dividing a reference clock signal Pck. The
binary pulse signal Pin is supplied to the first input of
the phase-comparator 202. The feed-back signal Pfb 1s
supplied to the second mput of the phase-comparator
202. The phase-comparator 202 compares these input
signals and detects a phase difference therebetween. A
comparison result signal from the phase-comparator
202 1s sent as a control voltage Vc to the VCO 204
through the LPF 203. An oscillation output signal from
the VCO 204 appears as the reference clock signal Pck
at an output terminal 206 of the unit 200. |

In addition to the above-described PLL, an injection-
synchronized loop including a time-base filter 207 and
an injection pulse generator 208 is provided to the VCO
204. The VCO 204 is of an injection-synchronized type.
The time-base filter 207 receives the binary pulse signal
Pin and the feed-back pulse signal Pfb. In addition, the
time-base filter 207 1s applied with the reference clock
Pck from the injection-synchronized VCO 204. The
time-base filter 207 generates window pulses by refer-
ring to the binary pulse signal Pin and the feed-back
pulse signal Pfb. These window pulses have different
pulse widths during a preamble 1nput period and a re-
production data pulse input pentod. The time-base filter
207 performs time-domain filtering for a PLL lock pre-.
amble pulse signal and subsequent reproduction data
pulses by using these window pulses.

The injection pulse generator 208 is responsive to the
time-base filter 207 and intermittently or periodically
generates a plurality of negative injection pulses every
time phase comparison of sequential sector addresses
selected for data access is completed by the phase-com-
parator 202. These injection pulse signals Pi are contin-
uously injected into the injection-synchronized VCO
204 to realize a continuous injection-synchronized loop.
With such an arrangement, even at the time of high-
speed data access of the sector-formatted optical disk, a
high-precision reference clock signal free from high-fre-
quency Jitter can be generated.

The reference clock generation circuit 200 may be
modified, as shown in FI1G. 16, wherein a sector mark
detector 210 is additionally arranged. The sector mark
detector 210 receives the binary pulse signal Pin and
detects a sector mark data component therefrom. A
detection output signal from the sector mark detector
210 1s called a preamble gate signal Pg. The preamble
gate signal Pg 1s supplied to the time-base filter 207. The
amplification factor and filtering time constant of the
time-base filter 207 are variably controlled. With such
an arrangement, a high-precision reference clock signal
free from high-frequency jitter for the sector format
type optical disk apparatus can be generated.
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Having described the invention as related to the spe-
cific embodiments directed to the optical disk appara-
tus, 1t 1s to be understood that the present invention may
also be applied to a magnetic disk apparatus without
departing from the spirit and the scope of th invention
as hereinafter claimed.

What 1s claimed i1s

1. A device for generating a reference clock signal
having a predetermined frequency by using clock infor-
mation reproduced from a data storage medium, com-
prising:

signal extraction means for receiving an electrical

reproduction output signal of the medium and for
generating an electrical pulse signal reflecting the
clock information;

oscillator means for variably oscillating so as to gen-

erate an electrical oscillation pulse signal serving as
the reference clock signal;

comparator means, connected to said signal extrac-

tion means and said oscillator means, for detecting
a phase difference between the pulse signal and the
oscillation pulse signal, and for generating an elec-
trical comparison result signal in response to which
said oscillator means variably oscillates; and
injection-synchronized controller means, which re-
ceives the pulse signal and is responsive to the
oscillation pulse signal, for injecting an intermittent
pulse component having a selected pulse width into
said oscillator means after phase comparison 1s
perform by said comparator means, said oscillator
means including an injection-synchronized volt-
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age-controlled oscillator, responsive to the pulse

component, for adjusting a phase of the oscillation
pulse signal.

2. The device according to claim 1, wherein the inter-
mittent pulse component has a pulse width substantially
equal to a non-response period of osciliation of said
injection-synchronized voltage-controlled oscillator.

3. The device according to claim 2, wherein said
injection-synchronized controller means comprises:

time-base filter means for receiving a feed-back signal

of the oscillation pulse signal from said injection-

synchronized voltage-controlled oscillator, and for
extracting a pulse component/pulse components
synchronized with the feed-back signal from the
pulse signal; and

injection pulse generator means, connected to said

time-base filter means, for defining the intermittent
pulse component on the basis of the pulse com-
ponent/pulse components extracted by said time-
base filter means, and for supplying the defined
pulse component to said injection-synchronized
voltage-controlled oscillator.

4. The device according to claim 3, wherein said
injection pulse generator means supplies one intermit-
tent pulse component to said injection-synchronized
voltage-controlled oscillator after phase comparison 1s
performed by said comparator means.

5. The device according to claim 3, wherein said
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injection pulse generator means supplies a plurality of 60

intermittent pulse components to said 1njection-syn-
chronized wvoltage-controlled oscillator after phase
comparison is performed by said comparator means.

6. The device according to claim 3, wherein said
comparator means comprises a phase-comparator for
comparing the pulse signal with the feed-back signal.

7. The device according to claim 3, further compris-
ing frequency-dividing counter means, connected to
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said injection-synchronized voltage-controlled oscilla-
tor and said comparator means, for receiving the oscil-
lation pulse signal and for generating the feed-back
signal by frequency-dividing the oscillation pulse signal.
8. A phase-lock control circuit for a information-
recording/reproduction system using a rotatable optical
disk, comprising:

(a) detector means for receiving an electrical repro-
duction signal read from the optical disk, for de-
tecting a peak component corresponding to servo-
controlling pits formed in the optical disk in ad-
vance, and for generating an extracted clock pit
pulse signal;

(b) oscillator means for electrically oscillating 1n re-
sponse to the extracted clock pit pulse signal so as
to generate a reference clock signal;

(c) a first phase-lock control loop arranged for said
oscillator means, said first loop comprising,

signal feed-back means, connected to said oscillator
means, for generating a feed-back pulse signal by
frequency-dividing the reference clock signal, and

comparator means, having first and second inputs for
respectively receiving the clock pit pulse signal
and the feed-back pulse signal, for comparing these
signals to generate an electrical comparison signal
representing a phase difference therebetween, said
oscillator means changing an oscillation state in
response to the comparison signal so as to compen-
sate for the phase difference; and

(d) a second phase-lock control loop arranged for
said oscillator means, said second loop comprising

injection-synchronized controller means for receiv-
ing the clock pit pulse signal, the feed-back pulse
signal, and the reference clock signal output from
said oscillator means, generating at least one injec-
tion pulse having a pulse width substantially equal
to a non-response period of said comparator means
in response to the reference clock signal upon com-
pletion of a comparison operation by said compara-
tor means, and for supplying the injection pulse to
said oscillator means, said oscillator means includ-
ing an injection-synchronized voltage-controlled
oscillator, responsive to the pulse component, for
adjusting a phase of the oscillation pulse signal.

9. The circuit according to claim 8, wherein said

injection-synchronized controller means comprises:
time-base filter means for executing time-domain
filtering to extract a pulse component/pulse com-
ponents synchronized with the feed-back signal
from the clock pit pulse signal; and

injection pulse generator means, connected to said
time-base filter means, for generating the injection
pulse on the basis of a pulse component extracted
by said time-base filter means, and for injecting the
injection pulse mto said injection-synchronized
voltage-controlled oscillator.

10. The circuit according to claim 8, wherein said

injection-synchronized controller means comprises:

a tapped delay circuit responsive to the reference
clock signal;

gate means for generating a window pulse signal for
extracting a rise timing of the clock pit pulse signal
in response to an output signal of said delay circuit
and the feed-back pulse signal; and

a flip-flop of a selected type, responsive to the clock
pit pulse signal and the window pulse signal, for
supplying an output signal therefrom as the injec-
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o o 12. The circuit according to claim 11, wherein said
tion pulse to said injection-synchronous voltage-  jjiection-synchronized voltage-controlled oscillator
comprises: |

controlled oscillator. . ST
e osciflator a NAND gate for receiving the injection pulse;

11. The circuit according to claim 10, wherein said 5  a load resonator associated with said NAND gate;

| and
injection-synchronized controller means further com- an inverter, having an input and an output respec-

tively connected to said NAND gate and said
tapped delay circuit, for supplying an output signal

delaying the output signal from said flip-flop and feed- 10 therefrc?m as the reference clock signal to said
delay circuit.

ing back the signal to said flip-flop. *xrox % %

prises a delay circuit, associated with said flip-flop, for
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